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Abstract: Despite the use of Additive Manufacturing (AM) technologies in a lot of
applications including the production of some high-value products for end use, it is
still very much an untapped potential. There is an increase in usage of AM tech-
nology for the manufacture of end-use products (Rapid Manufacturing (RM)) in
recent years, but mass use of the technology in terms of speed, cost and quality,
which is acceptable by the general consumer, is still not widely in existence today.
The concept of RM as a viable production process is still not understood by many
businesses/consumers, with thinking still dominated by the AM technologies for
Rapid Prototyping (RP) applications. A key difference between RM and RP is in the
supply chain. The RM supply chain is much more complicated than the RP supply
chain. This research conducted a Delphi Study to identify the requirements or pre-
requisites necessary for the use of RM technologies as a viable means to manu-
facture end used products (RM application of AM) in mass scale. The paper identifies
36 requirements or pre-requisites and classified them into various classes of
importance in order to highlight their significance. In addition to supply chain
issues, the requirements unearthed are factors or features about RM technology
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(equipment), materials and processes that need modification, upgrading or
creation.
Subjects: Manufacturing Technology; Operations Management; Quality Control &
Reliability; Supply Chain Management
Keywords: Rapid manufacturing; additive manufacturing; rapid prototyping; supply chain;
technology; Delphi study
1. Introduction
Additive Manufacturing (AM) processes can be defined as semi-automated systems that take
two-dimensional (2-D) layers of computer data and rebuild them into three-dimensional (3D)
solid objects. Internationally, AM is also known by a number of other names: Layer
Manufacturing Technologies (LMT), Generative Manufacturing and 3D Printing (3DP) amongst
many others (Ariadi, Hasan, Smith, & Rennie, 2008; Hopkinson, Hague, & Dickens, 2006; Levy,
Schindel, & Kruth, 2003; Pham & Dimov, 2001). A generally accepted term for a final or end-
use product realised by AM is Rapid Manufacturing (RM) (Hopkinson et al., 2006). RM has
evolved from Rapid Prototyping (RP) which typically used AM technologies to physically create
prototype models and concepts prior to committing to a subsequent alternative or down-
stream manufacturing operation (Mellor, Hao, & Zhang, 2014), RM therefore being concerned
with the direct manufacture of functional parts, components and assemblies using AM tech-
nologies (Tuck, Hague, & Burns, 2006). AM produces components in an additive manner by
slicing a 3D computer-aided design (CAD) model into a series of discrete layers or cross-
sections. These layers are then reconstructed in the AM machine to produce a physical
representation of the 3D CAD model (Ruffo, Tuck, & Hague, 2007). As such, AM differs from
more traditional production technologies in that the modus operandi is not subtractive or
formative (e.g. machining and moulding, respectively), but rather, is additive in the way it
layers up parts during manufacture. Therefore, one particular advantage over more traditional
techniques is that no tooling is required to manufacture a component (Tuck, Hague, Ruffo,
Ransley, & Adams, 2008).
This paper investigates the requirement or pre-requisites for mass uptake in the use of RM
technologies in conventional manufacturing processes. In this regard, a Delphi Study was
conducted, and a statistical analysis method called the “weighted mean” is used to interpret
the findings and the requirements are categorised into various classes. At present, RM applica-
tion of AM is most appropriate for high value-added applications where price is almost always
secondary to function (Hasan, Rennie, & Hasan, 2013). Certain parts for the International Space
Station and other projects have been made by Boeing using AM technologies (Hopkinson &
Dicknes, 2003). The possibility of using AM techniques in space instrument development has
also been investigated (Rochus et al., 2007). Formula 1 racing has steadily—increased its use of
AM technologies (Cooper, Stanford, Kibble, & Gibbons, 2012). Wind tunnel testing of RM made
prototype components has been previously investigated which was followed by race-useable
parts; in addition, there are several joint ventures between auto manufacturers and AM tech-
nology companies (Cotteleer & Joyce, 2014; Resnick, 2017). A Foresight Vehicle Initiative
investigated the possibilities of custom seats, steering wheels, gear knobs and hand brakes
(Hopkinson et al., 2006; Tuck et al., 2006). Production of spare parts including classic motorcycle
spares using AM technologies is also viable and has been previously investigated (Hasan &
Rennie, 2008a, 2008b; Khajavi, Partanen, & Holmström, 2014). Physical representations of
avatar characters from a game called World of Warcraft are produced using AM technologies
(Figureprints, 2011). In addition, there has been a steady growth in the list of areas to which RM
has been applied. These include work of art, designer objects, palaeontology, medical models,
tissue engineering, architecture and personal fabrication (Bibb & Rennie, 2017; Campbell, 2009;
Gibson, Rosen, & Stucker, 2014; Lueders, Jastram, Hetzer, & Schwandt, 2014; Salmi, Paloheimo,
Tuomi, Wolff, & Mäkitie, 2013).
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1.1. RP and RM supply chain
Despite the use of AM technologies in a lot of applications including the production of some high-
value products for end use and continuous growth inmarket size of AM technologies which amounted
to 6.063 billion US dollars in 2016, it is still very much an untapped potential (Wohlers, 2017, 2010).
The use of AM technologies (i.e., RM) for the manufacture of end-use products in terms of speed, cost
and quality, which is acceptable by the general consumer, is still not widely in existence today
(Hopkinson et al., 2006). Therefore, it can be argued that a fully functional supply chain for RM
application of AM technologies and its products is very much disjointed. As recent studies suggest,
further research related to supply chain domain is required with evolving application of the technol-
ogy in final use products (Khajavi et al., 2014; Thomas, 2016).
The concept of RM as a viable production process is still not understood by many businesses/
consumers, with thinking still dominated by the AM technologies for RP applications. The AM industry
is very much service bureau centric (Hasan et al., 2013). Service bureaux or service providers offer AM
part manufacturing services, including production of aesthetic models, functional prototypes and in
some cases end-use products, to design and manufacturing organisations or to any interested buyer
as an outsourced service . The RP supply chain starts from the design of the product concept, then the
AM service bureau generates a production design followed by a prototype and eventually the supply
chain stops at the pre-production stage. However, the RM supply chain is not that straightforward.
The definition for RM signifies that AM technologies will be employed for realising end-use products,
not just prototypes. The RM supply chain is therefore far more comprehensive and includes further
activities such as production; part supply & logistics; assembly and integration; customer distribution;
after sales services; life cycle engineering (Reeves 2007). Figure 1 illustrates the difference between
RP and RM supply chain.
This paper outlines the results of a Delphi Study conducted to identify the requirements for mass
scale adoption of RM technology to produce end used products. A Delphi study is used when group
consensus from a panel of experts is sought. It is useful when group consensus can be utilised as
valid evidence, where empirical and formal experimentation is impractical. It should be noted that
apart from supply chain issues, the requirements under consideration can be factors or features
about the AM technology (for RP/RM applications) that need modification, upgrading or creation.
2. Research method
The Delphi technique is a specialised form of group interaction that generates ideas, projections and
solutions (Linstone& Turholl, 1975). The techniquewas originally developed by Rand Corporation to gain
consensus from a group of experts for the US weapon industry (Patton, 2003). Delphi Studies are used
when expert opinion is an available option (Martino, 1983). This method is appropriate for helping to
understand supply chain dynamics because gathering experimental evidence of supply chain perfor-
mances can be difficult given the cross-company nature of supply chains (Lummnus, Vokurka, & Duclos,
2005). It was agreed by the research team that a Delphi Study would be very efficient and effective in
this research since involving experts with significant expertise in AM from a range of industries and
businesses would potentially result in greater in-depth knowledge assimilation. In addition, the present
Figure 1. Differences in RP and
RM supply chain.
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scenario in the RM industry fits the criteria of Delphi Study usage, i.e., it is appropriate research method
when the problem does not lend itself to precise analytical techniques but can benefit from subjective
judgment on a collective basis (Linstone& Turholl, 1975). Following is the primary research question that
the study investigated: “What are the requirements or pre-requisites for RM technologies to be used as
viable means to manufacture end used products in mass scale?”
A Delphi Study can constitute multiple rounds, the number of rounds varying according to the
requirements of the study and the level of agreement reached between the participants. Typically
though, a Delphi Study constitutes three to four rounds. The Delphi Study conducted in this research
was designed as a three round process keeping inmind the constraints regarding available timescales
and also the fact that the level of agreement between the participants was deemed sufficient (it was
foreseeable that no further significant developments in terms of agreement were possible).
Round 1 posed the primary (or the fact finding) question of the Delphi Study to the participants. The
inputs from Round 1 were analysed and presented in an articulated manner in Round 2 of the study
to the same participants. The participants were asked to express their opinion in terms of “agree”,
“neutral” or “disagree” to the contents of Round 2. In Round 3, the same contents as in Round 2 were
provided to the same group of participants who were asked to re-express their opinion. In the third
round, controlled feedback regarding the results of Round 2 was provided. At the end of the third
round, the study was declared officially closed and results were analysed. The research used
a weighted mean technique to analyse the results and the requirements for mass scale adoption
of RM technology was segmented into seven different classes of varying importance.
Round 1was eventually closed after eight participants had responded. It should be noted that a group
size of eight to ten respondents is known to provide good performance in a Delphi Study (Mullen & Gold,
1988). In addition, Delphi study requires the same group of experts to participate in all the rounds.
Hence, time commitment of the participants, all of whomwere experts in the field with a busy schedule
was an important consideration in deciding on the number of participants. Furthermore, the research
team had conducted preliminary research regarding pertaining issues related to AM technology adop-
tion based on literature review, informal discussions and industry linkages. Comparing the existing
information with the results of round 1 of the Delphi Study, it was deemed that enough input was
gathered, and the process should be initiated to see whether the experts can come to an agreement.
The Study participants were selected frommembers of the current, active AM community. The criteria
for selecting panel ofmembers of the study and participant details are provided in Tables 1, 2 respectively.
The qualifications and experience of the members who agreed to participate in the study were deemed
very satisfactory. The majority of the participants are involved in active AM research, the remaining
participants included reputed industry consultants in the field and senior management/directors of AM
service-providing bureaux. Geographically, the participants are based in the UK and USA.
The entire study was conducted online through a dedicated web portal. The participants were
notified at the start of each round via e-mail which also contained a link to the web portal which
they were able to access using their respective name and e-mail address as identification.
Table 1. Criterion for panel recruitment
No Selection criteria of Delphi Study Panel
members
1 Educationalist/researcher in the related field
2 Work experience in AM service bureau
3 Significant user of AM services
4 Consultant in the related field
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3. Results and discussion
The Delphi Study started with Round 1 where the fact-finding question was asked to the expert
panel. Care was taken to keep the participants of the study anonymous to each other. The fact-
finding question asked to the participants is provided below-
“List at most, fifteen characteristics that, according to you, are required for RM technologies to
be used as viable means to manufacture end used products in mass scale”
At the end of Round 1, the cumulative number of characteristics from the responses received
from all the participants totalled 51. Amongst them, there were 14 individual characteristics
(responses) that were common or similar in nature. The maximum number of characteristics listed
by a single participant was 12 whereas the minimum was four. The mean in terms of the number
of characteristics per participant was 6.38. The characteristics that were found common or similar
in nature are listed in Table 3.
The entire list of 37 characteristics/requirements, after the elimination of the common or similar
ones, is provided in Figure 2.
Round 2 is based on the responses of the previous round. The compilation of responses from
Round 1 were constructed in a questionnaire format and presented to the same panel of
participants (Appendix 1). The participants of Round 2 (same as Round 1) were asked to
express their opinions in terms of whether they “agree”, are “neutral” or “disagree” to the
Table 2. Details of the participants of the Delphi study
No. Industry Experience Role Location
1 Academia 15 AM Research and
Teaching
UK
2 Academia 17 AM Research and
Teaching
UK
3 AM Service Bureaux 14 AM Technology
Management
UK




5 Academia 10 AM Research and
Teaching
USA
6 Aerospace 13 Technology
Management
UK








Table 3. Common characteristics/requirements listed by multiple participants
Common or similar characteristics between
participants
Number of participants listing the particular
characteristic
Reduction in cost of RM products and production 3
Availability of a greater range of materials 3
Availability of repeatable machines 4
Availability of reliable machines and products 2
Improvement in accuracy 2
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questions. It should be noted that Delphi Study requires the same individuals to participate in
all the rounds. Figure 3 illustrates the number of questions that are agreed upon in Round 1, in
different percentage zones.
In Round 3, the same questions were re-presented to the participants (same as Round 1 and 2)
with the results of the previous round (Round 2) indicated for each question. This round reported
changes in opinions of the participants from the last round. There were 11 questions in this round
Figure 2. Requirements/prere-
quisites reported in Round 1.
Figure 3. Distribution of number
of questions agreed upon in
Round 2.
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that reported 100% agreement between the experts, whereas that was only one in the previous
round (Table 4).
There were five questions which reported 100% agreement in Round 3, which had an agreement
percentage of 87.5% in Round 2. That is, in each of these questions, one of the participants changed their
respective opinion from “neutral” to “agree”. In the case of three questions that had a 75% agreement in
Round 2, they reported a 100%agreement in Round 3; i.e. two of the participants changed their view from
“neutral” and “disagree” to “agree”. In two questions, the percentage of agreement jumped from 62.5%
to 100%. That is, as many as three participants who were “neutral” on the questions in Round 2 changed
their opinion to “agree” in Round 3. The entire list of questions and results are provided in Appendix 1.
Figure 4 shows the distribution of the number of questions agreed in both rounds.
Figure 5 is a plot of “agree”%with respect to individual Question Numbers for Rounds 2 and 3. The graph
illustrates the change in values of “agree” percentages for all questions between Rounds 2 and 3. Eight
questions did not change between rounds. Twenty questions increased in agreement rate whereas nine
questions saw a decrease in agreement between rounds. Analysis reveals that in general, questions in the
vicinity of 100%agreement in Round 2moved on to 100%agreement in Round 3 and in general, questions
having less than 50% agreement in Round 2 decreased further in terms of agreement rate in Round 3.
3.1. Calculation of the weighted mean
This research uses a methodology where each and every final judgement of the participants to
a requirement is taken into account. The methodology not only considers the level of agree-
ment, but, also takes into consideration the neutral and disagreement level for each require-
ment. The weighted mean of each requirement is calculated and used to differentiate
requirements in terms of importance as identified by this study. Weighted Mean is an estab-
lished statistical method for analysis (Meier, 1953; Qi, 1998) and has been previously used in
Delphi Study oriented research (Lummnus et al., 2005). The methodology to calculate weighted
mean is discussed in this section.
Table 4. The question having 100% agreement in both Round 2 and 3
Q. Do you agree that the availability of long term material properties data is a requirement/prerequisite for RM







Figure 4. Distribution of number
of questions agreed upon in
Round 2 & 3.
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The weighted mean for a non-empty set of N value data [x1, x2, . .,xn] is computed as Mw and it
is calculated according to:
Mw X1;X2; : : : ; XN
  ¼ ∑
i¼N
i¼1 Wi  Xi
∑i¼Ni¼1 Wi
; Wi  0 (1)
W1, W2, …, WN are non-negative coefficients, called “weights”, that are ascribed to the correspond-
ing values X1, X2, …, XN.
This Delphi Study provided three options to the participants to answer each question asked, the
options being “agree”, “neutral” and “disagree”. At this point, to proceed further with this analysis,
it is important to relate these options for answers with specific values – the value designation is
provided below. Care has been taken to have a fixed difference between the values assigned. The
scaling, as given below, was chosen as it is known to provide good results in Delphi Studies
previously conducted (Lummnus et al., 2005).
Let, Agree = 7 = X1; Neutral = 4 = X2; Disagree = 1 = X3
In this case, N = 3 (constant) i.e. participants had three options to choose an answer to
a question. Therefore, [X1, X2, X3]= [Agree, Neutral, Disagree] = [7, 4, 1]
The weight (WTotal) is the total number of participants that expressed their opinions to
a requirement. It is divided into three segments; i.e., the number of participants that agreed,
remained neutral or disagreed with a requirement.
That is, WTotal ¼ WAgree þ WNeutral þ WDisagree
Let, W1;W2;W3
  ¼ WAgree; WNeutral; WDisagree
 
This paper use “Question 1” as an illustrative case to explain the calculation process of the
weighted mean (Mw). The same process was used to calculate the weighted mean of all the
requirements (Appendix 2).
Question 1 requirement: “Customers of RM systems could operate almost anywhere, so an RM
supply chain has to ensure that all the regions of the world are sufficiently covered.”
Figure 5. Agree %-question no.
plot for Round 2 and 3.
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No. of Participants who agree to this requirement (Round 2) = WAgree= 1
No. of Participants who are neutral to this requirement (Round 2) = WNeutral= 7
No. of participants who disagree to this requirement (Round 2) = WDisagree = 0
[W1, W2, W3] =[WAgree, WNeutral, WDisagree] =[1, 7, 0]
[X1, X2, X3] = [Agree, Neutral, Disagree] = [7, 4, 1]




; Wi  0




3.2. Classification of requirements
This study has identified 36 requirements (excluding 1 requirement having an unacceptable level
of agreement) as pre-requisites/requirements for RM technologies to be used as viable mean to
manufacture end used products in mass scale. The requirements are categorised in terms of their
importance into seven different classes. The intent here is to recognise the different groups in
a population, so that it is beneficial for management, researchers or concerned authorities to
interpret when one cannot see the characteristics that separate the groups but only related ones.
This idea of discriminating between groups in a population was introduced in statistics by Fisher
(1936). Durand (1941) used the technique to discriminate between good and bad loans. Similar
technique is widely applicable in credit ratings (Thomas, 2000). The following discussion provides
insight into the various categories of requirement as identified in this research.
Class A: This class contains eleven requirements (Table 5) that have been identified as the most
important by the experts participating in this study. These requirements have a 100% agreement
rate; that is Mw of 7 (maximum). This study concludes that mass scale adaptation of RM technol-
ogies have to consider the fulfilment of the requirements listed in Class A. It is interesting to note
that five out of the eleven Class A requirements pertain to technical issues related to the
technology and materials. In addition, experts agree that the overall cost of RM machines,
products and end product manual polishing has to decrease. After sales and distribution related
issues such as quality assurance procedure and availability of technical services to individual
Table 5. Class A requirements
Requirements Mw
Technical support and service may require change as RM finds its way into non-
conventional settings
7
Reduction in cost of RM products and production 7
Availability of reliable machines and products 7
Availability of repeatable machines 7
Availability of quality assurance procedure instructions 7
Manual effort required for finishing (smoothing/polishing) must not represent a large
cost and time overhead
7
Availability of long term material properties data 7
Availability of materials safety data 7
Stability of material supply 7
Increase in large company acceptance 7
Dimensional tolerance 7
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customers located in non-conventional settings are also considered very important requirements.
The latter requirement is referring to individual operators of RM machines at homes. Upstream
supply-chain-related issue such as stability of material supply is also very vital in order to give
confidence to users to integrate RM technologies in conventional production processes.
Class B: The Mw range of class B is 6.5 to 6.99 inclusive. However, the class contains six require-
ments all with Mw of 6.63 (Table 6). The class is considered second in terms of importance. The study
considers the requirements of this class as very important but not to the extent of the requirements in
Class A. However, in the case of many industry sectors, these requirements may be required to be
fulfilled before RM technologies are utilised in mass scale. Majority of the requirements in Class B can
be considered material and technology related; for example availability improved material, optimisa-
tion of building parameters. Experts have also identified design optimisation as a necessary require-
ment; this is particularly interesting since existing literature have articulated the potential of
improved design using RM as one of the technologies key attributes. It is perhaps that the experts
want to stress that design optimisations are further utilised as a key selling point of the technology.
Class C: This class contains requirements having Mw in the range of 6.00 to 6.49. There are four
requirements in this class with all of them having Mw value of 6.25 (Table 7). The requirements in
this class are thought to be important. However, according to this study, the level of importance
for this class is less than that of Class A and Class B. The requirements in this class can be
considered mainly production process and technology related such as improvement in post
operation and throughput increase. An important requirement identified which is in general agreed
upon by experts in this class is qualification of parts. This is particularly important for mass scale
utilisation of the technology in producing end used parts in the aerospace industry.
Class D: This class contains requirements having Mw in the range of 5.50 to 5.99 inclusive (Table 8).
The importance of this class is thought to be above average. Two of the requirements of this category
are distribution and after sales related issues for affordable RM technology such as 3D printers. It
should be mentioned that such use of the technology is gaining increasing interest among individual
consumers. In addition, speed of manufacture which is a technology and process related requirement
has also been stressed upon by the experts.
Table 6. Class B requirements
Requirements Mw
Design optimisation 6.63
Availability of part inspection protocol instructions 6.63
Availability of improved materials 6.63
Stability of material specification 6.63
Optimisation in “safe” building parameters 6.63
When building parts in large batches, the variance of dimensions and material
properties must not differ significantly from the centre to the edge of the build
chamber
6.63
Table 7. Class C requirements
Requirements Mw
Improvement in post operation 6.25
Ability to build parts fit for purpose 6.25
Qualification of parts 6.25
Increase in throughput 6.25
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Class E: This class contains requirements having Mw in the range of 5.00 to 5.49 inclusive (Table 9).
The importance of this class is considered comparatively less than the classes above it. One of the
requirements in this category is distribution related whereas the rest of the two pertains to social
acceptance of the technology and overall market dynamics.
Class F: This class contains requirements having a Mw in the range of 4.50 to 4.99 inclusive
(Table 10). This class is thought to be average in terms of importance. All the requirements in this
category are material, technology or process related.
Class G: This class contains requirements having a Mw in the range of 4.00 to 4.49 inclusive
(Table 11). The importance of this class is considered as low. Two of the requirements are related
to non-existence of fully functional RM supply chain. This includes lack of RM products lifecycle
engineering protocol and disintegrated nature of the global RM supply chain.
Table 8. Class D requirements
Requirements Mw
Some equipment vendors and resellers may not be set up to accommodate the
individual needs of an equipment owner operating from their home, garage or
dormitory room
5.88
Most equipment vendors or resellers are used to dealing with corporations. Doing
business with individuals that are working from their home may create some
interesting challenges
5.50
Speed of manufacture 5.50
Table 9. Class E requirements
Requirements Mw
Appropriate method of delivery 5.13
Increase in public acceptance 5.13
Increase in market demand 5.13
Table 10. Class F requirements
Requirements Mw
Improvement in surface finish 4.75
Availability of a greater range of materials 4.75
Materials batch recording 4.75
Improvement in scheduling procedures 4.75
Improvement in cycle time 4.75
Table 11. Class G requirements
Requirements Mw
Availability of product disposal recycling instructions 4.43
Customers of AM systems could operate almost
anywhere, so an RM supply chain has to ensure that
all the regions of the world are sufficiently covered
4.38
Improvement in accuracy 4.38
Automation of the process 4.38
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4. Conclusion
There has been a steady growth in the list of areas to which RM technologies have been applied.
However, there is still room for adaptation of the technology in mass scale. This research con-
ducted a Delphi Study among notable RM technology experts to investigate the requirements for
the use of RM technologies as a viable means to manufacture end used products in mass scale.
The study identified 36 requirements categorised in seven different classes with varying impor-
tance. It should be mentioned that all the requirements identified in this research may not bear
the same importance to all industry sectors apart from class A and to some extent Class
B requirements that had 100% and near 100% agreement, respectively, among the experts. The
results of this research outlines the current state of affairs in the RM industry and points to the
scope of academic and industry research and development that requires attention. It should be
noted that most of the highly rated requirements identified are either technology, material and
supply chain related. In addition, there are requirements that fall in the domain of social and
market dynamics. Some of the issues that need focus if RM technologies are to be adopted for
mass use are outlined below; followed by a brief discussion on the issues.
● Intensify research and development work on RM technology and equipment
● Accelerate academic and industry research on material sciences and metallurgy
● Focus on business model development and supply chain integration
It is apparent from the results of this study that improvement is required in terms of RM
technology and equipment. Availability of reliable and repeatable machines and dimensional
tolerance has been identified by all the experts as requirements. Another important fact to note
is that when RM technology is applied to manufacture in mass scale, batch size will be potentially
large. In such situation optimisation of safe building parameters is important. Experts are further
circumspect on the ability of current RM technology to produce parts fit for purpose. In addition,
there are other minor requirements such as improvement in throughput, cycle time and speed of
manufacture. It is suggested that RM technology manufacturers/Original Equipment
Manufacturers (OEM) and academic researchers should concentrate on the above-mentioned
areas in future research projects.
There has been a significant advancement in terms of availability of appropriate material for RM
technologies. However, there is still considerable concern among RM experts regarding material
used in RM product manufacturing. This includes availability of long-term material properties and
safety data; in addition to stability of material specification. Researchers and scientists working in
the field of material sciences and metallurgy should take the queue to undertake further advanced
research on the area to realise the application of RM technology in mass scale.
RM supply chain is far more complicated than traditional RP ones and includes activities such
as production; part supply and logistics; assembly and integration; customer distribution; after
sales services; life cycle engineering. Hence, it is no surprise that a quite a few of the require-
ments identified in this study for large-scale multi-industry RM applications are supply-chain-
related. Some of the requirements are upstream supply chain issues such as stability of
material supply and others are downstream supply chain concerns such as part inspection
protocol; product disposal and recycling; appropriate distribution channels and material batch
recording. The latter is important for raw material traceability particularly in the aerospace and
automotive industry. The industry also needs to pay attention to the unconventional require-
ments of individual RM equipment owners operating from their homes in geographically scat-
tered locations. The findings of this research point to the lack of fully functional and to an
extent disintegrated supply chain for RM products. The situation is probably due to the current
market dynamics. Traditionally supply chains in various industry sectors are either buyer led or
OEM led. These large organisations are responsible for designing and ownership of the supply
chain including business model development. Since RM technology is not used in mass scale
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production such scenario is yet to arise. The situation is further complicated because the
application of RM technology can span numerous industry sectors. In the circumstances, the
onus is on the OEMs of RM technology to invest further resources on innovative business model
development and supply chain integration efforts.
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APPENDIX 1
1. Customers of “RM” systems could operate almost anywhere, so a RM supply chain has to ensure
that all the regions of the world are sufficiently covered. Do you agree that this is a requirement for
RM technology to be used as viable means to manufacture end used products in mass scale?
2. Most equipment vendors and resellers are used to dealing with Corporations. Doing business
with very small businesses and individuals that are working from their home may create some
interesting challenges. Do you agree that this is a requirement for RM technology to be used as
viable means to manufacture end used products in mass scale?
3. Some equipment vendors and resellers may not be set up to accommodate the individual needs
of an equipment owner operating from their home, garage or dormitory room. Do you agree that
this is a requirement for RM technology to be used as viable means to manufacture end used
products in mass scale?
Round 2 Round 3
Agree% Neutral% Disagree% Agree% Neutral% Disagree%
37.50 50.00 12.50 12.50 87.5 0.00
Round 2 Round 3
Agree% Neutral% Disagree% Agree% Neutral% Disagree%
37.50 62.50 0.00 50.00 50.00 0.00
Round 2 Round 3
Agree% Neutral% Disagree% Agree% Neutral% Disagree%
50.00 50.00 0.00 62.50 37.50 0.00
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4. Technical support and service may require change as RM finds its way into non-conventional
settings. Do you agree that this is a requirement for RM technology to be used as viable means to
manufacture end used products in mass scale?
5. Do you agree that reduction in cost of RM products and production is a requirement for RM
technology to be used as viable means to manufacture end used products in mass scale?
6. Do you agree that design optimisation of RM is a requirement for RM technology to be used as
viable means to manufacture end used products in mass scale?
7. Do you agree that availability of reliable machines and products is a requirement for RM
technology to be used as viable means to manufacture end used products in mass scale?
8. Do you agree that availability of repeatable machine is a requirement for RM technology to be
used as viable means to manufacture end used products in mass scale?
9. Do you agree that availability of product disposal recycling instruction is a requirement for RM
technology to be used as viable means to manufacture end used products in mass scale? (Only
Seven participants expressed their opinion to this question)
Round 2 Round 3
Agree% Neutral% Disagree% Agree% Neutral% Disagree%
87.50 12.50 0.00 100.00 0.00 0.00
Round 2 Round 3
Agree% Neutral% Disagree% Agree% Neutral% Disagree%
42.86 42.86 14.28 28.57 57.14 14.29
Round 2 Round 3
Agree% Neutral% Disagree% Agree% Neutral% Disagree%
87.50 12.50 0.00 100.00 0.00 0.00
Round 2 Round 3
Agree% Neutral% Disagree% Agree% Neutral% Disagree%
87.50 12.50 0.00 87.5 12.50 0.00
Round 2 Round 3
Agree% Neutral% Disagree% Agree% Neutral% Disagree%
87.50 12.50 0.00 100.00 0.00 0.00
Round 2 Round 3
Agree% Neutral% Disagree% Agree% Neutral% Disagree%
75.00 12.50 12.50 100.00 0.00 0.00
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10. Do you agree that availability of quality assurance procedure instruction is a requirement for
RM technology to be used as viable means to manufacture end used products in mass scale?
11. Do you agree that availability of part inspection protocol instruction is for RM technology to be
used as viable means to manufacture end used products in mass scale?
12. Do you agree that improvement in accuracy is a requirement for RM technology to be used as
viable means to manufacture end used products in mass scale?
13. Do you agree that surface finish of RM products has to improve for RM technology to be used as
viable means to manufacture end used products in mass scale?
14. Do you agree that improvement in post operation is a requirement for RM technology to be
used as a viable means to manufacture end used products in mass scale?
15. Do you agree that ability to build parts fit for purpose in intended application with little or no
finishing is a requirement for RM technology to be used as viable means to manufacture end used
products in mass scale?
Round 2 Round 3
Agree% Neutral% Disagree% Agree% Neutral% Disagree%
75.00 25.00 0.00 100.00 0.00 0.00
Round 2 Round 3
Agree% Neutral% Disagree% Agree% Neutral% Disagree%
75.00 25.00 0.00 87.50 12.50 0.00
Round 2 Round 3
Agree% Neutral% Disagree% Agree% Neutral% Disagree%
37.50 62.50 0.00 12.50 87.50 0.00
Round 2 Round 3
Agree% Neutral% Disagree% Agree% Neutral% Disagree%
25.00 62.50 12.50 25.00 75.00 0.00
Round 2 Round 3
Agree% Neutral% Disagree% Agree% Neutral% Disagree%
62.50 37.50 0.00 62.50 37.50 0.00
Round 2 Round 3
Agree% Neutral% Disagree% Agree% Neutral% Disagree%
75.00 12.50 12.50 75.00 25.00 0.00
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16. Manual effort required for finishing (smoothing/polishing) must not represent a large cost and
time overhead. Do you agree that this is a requirement for RM technology to be used as viable
means to manufacture end used products in mass scale?
17. Do you agree that qualification of parts is a requirement for RM technology to be used as viable
means to manufacture end used products in mass scale?
18. Do you agree that the availability of a greater range of materials is a requirement for RM
technology to be used as viable means to manufacture end used products in mass scale?
19. Do you agree that the availability of improved materials is a requirement for RM technology to
be used as viable means to manufacture end used products in mass scale?
20. Do you agree that the availability of long-term material properties data is a requirement for RM
technology to be used as viable means to manufacture end used products in mass scale?
21. Do you agree that the availability of materials safety data is a requirement for RM technology
to be used as viable means to manufacture end used products in mass scale?
Round 2 Round 3
Agree% Neutral% Disagree% Agree% Neutral% Disagree%
75.00 12.50 12.50 100.00 0.00 0.00
Round 2 Round 3
Agree% Neutral% Disagree% Agree% Neutral% Disagree%
87.50 12.50 0.00 100.00 0.00 0.00
Round 2 Round 3
Agree% Neutral% Disagree% Agree% Neutral% Disagree%
62.50 37.50 0.00 75.00 25.00 0.00
Round 2 Round 3
Agree% Neutral% Disagree% Agree% Neutral% Disagree%
37.50 62.50 0.00 25.00 75.00 0.00
Round 2 Round 3
Agree% Neutral% Disagree% Agree% Neutral% Disagree%
62.50 37.50 0.00 87.50 12.50 0.00
Round 2 Round 3
Agree% Neutral% Disagree% Agree% Neutral% Disagree%
100.00 0.00 0.00 100.00 0.00 0.00
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22. Do you agree that materials batch recording is a requirement for RM technology to be used as
viable means to manufacture end used products in mass scale?
23. Do you agree that the stability of material supply is a requirement for RM technology to be used
as viable means to manufacture end used products in mass scale?
24. Do you agree that the stability of material specification is a requirement for RM technology to
be used as viable means to manufacture end used products in mass scale?
25. Do you agree that improvement in scheduling procedures is a requirement for RM technology
to be used as viable means to manufacture end used products in mass scale?
26. Do you agree that optimisation in “safe” building parameters is a requirement for RM technol-
ogy to be used as viable means to manufacture end used products in mass scale?
27. Do you agree that ability to build in large batches to make the build process, which usually
requires expensive equipment to be competitive with conventional technology, is a requirement for
RM technology to be used as viable means to manufacture end used products in mass scale?
Round 2 Round 3
Agree% Neutral% Disagree% Agree% Neutral% Disagree%
12.50 25.00 62.50 12.50 12.50 75.00
Round 2 Round 3
Agree% Neutral% Disagree% Agree% Neutral% Disagree%
50.00 50.00 0.00 25.00 75.00 0.00
Round 2 Round 3
Agree% Neutral% Disagree% Agree% Neutral% Disagree%
87.50 12.50 0.00 100.00 0.00 0.00
Round 2 Round 3
Agree% Neutral% Disagree% Agree% Neutral% Disagree%
75.00 25.00 0.00 87.50 12.50 0.00
Round 2 Round 3
Agree% Neutral% Disagree% Agree% Neutral% Disagree%
37.50 62.50 0.00 25.00 75.00 0.00
Round 2 Round 3
Agree% Neutral% Disagree% Agree% Neutral% Disagree%
75.00 25.00 0.00 87.50 12.50 0.00
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28. When building parts in large batches, the variance of dimensions and material properties must
not differ significantly from the centre to the edge of the build chamber. Do you agree that this is
a requirement for RM technology to be used as viable means to manufacture end used products in
mass scale?
29. Do you agree that speed of manufacture is a requirement for RM technology to be used as
viable means to manufacture end used products in mass scale?
30. Do you agree that an appropriate method of delivery is a requirement for RM technology to be
used as a viable means to manufacture end used products in mass scale?
31. Do you agree that automation of the process is a requirement for RM technology to be used as
viable means to manufacture end used products in mass scale?
32. Do you agree that an increase in throughput is a requirement for RM technology to be used as
viable means to manufacture end used products in mass scale?
33. Do you agree that an improvement in cycle time is a requirement for RM technology to be used
as viable means to manufacture end used products in mass scale?
Round 2 Round 3
Agree% Neutral% Disagree% Agree% Neutral% Disagree%
37.50 37.50 25.00 37.50 50.00 12.50
Round 2 Round 3
Agree% Neutral% Disagree% Agree% Neutral% Disagree%
62.50 25.00 12.50 87.50 12.50 0.00
Round 2 Round 3
Agree% Neutral% Disagree% Agree% Neutral% Disagree%
62.50 12.50 25.00 62.50 25.00 12.50
Round 2 Round 3
Agree% Neutral% Disagree% Agree% Neutral% Disagree%
50.00 50.00 0.00 37.50 62.50 0.00
Round 2 Round 3
Agree% Neutral% Disagree% Agree% Neutral% Disagree%
25.00 62.50 12.50 12.50 87.50 0.00
Round 2 Round 3
Agree% Neutral% Disagree% Agree% Neutral% Disagree%
75.00 12.50 12.50 75.00 25.00 0.00
Hasan et al., Cogent Business & Management (2019), 6: 1623151
https://doi.org/10.1080/23311975.2019.1623151
Page 19 of 22
34. Do you agree that an increase in public acceptance is a requirement for RM technology to be
used as viable means to manufacture end used products in mass scale?
35. Do you agree that an increase in large company acceptance is a requirement for RM technology
to be used as viable means to manufacture end used products in mass scale?
36. Do you agree that an increase in market demand is a requirement for RM technology to be used
as viable means to manufacture end used products in mass scale?
37. Do you agree that dimensional tolerance is a requirement for RM technology to be used as
viable means to manufacture end used products in mass scale?
Round 2 Round 3
Agree% Neutral% Disagree% Agree% Neutral% Disagree%
62.50 37.50 0.00 100.00 0.00 0.00
Round 2 Round 3
Agree% Neutral% Disagree% Agree% Neutral% Disagree%
25.00 62.50 12.50 37.50 62.50 0.00
Round 2 Round 3
Agree% Neutral% Disagree% Agree% Neutral% Disagree%
62.50 37.50 0.00 100.00 0.00 0.00
Round 2 Round 3
Agree% Neutral% Disagree% Agree% Neutral% Disagree%
50.00 37.50 12.50 37.50 62.50 0.00
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Mw(X1,X2, …, XN) =Pi¼N
i¼1 WiXiPi¼N
i¼1 Wi
; Wi ≥ 0
1 Customers of RM systems could operate anywhere almost
anywhere, so an RM supply chain has to ensure that all the
regions of the world are sufficiently covered
4.38
2 Most equipment vendors or resellers are used to dealing with
corporations. Doing business and individuals that are working
from their home may create some interesting challenges
5.50
3 Some equipment vendors and resellers may not be set up to
accommodate the individual needs of an equipment owner
operating from their home, garage or dormitory room
5.88
4 Technical support and service may require change as RM finds
its way into non-conventional settings
7.00
5 Reduction in cost of RM products and production 7.00
6 Design optimisation 6.63
7 Availability of reliable machines and products 7.00
8 Availability of repeatable machine 7.00
9 Availability of product disposal recycling instruction 4.43
10 Availability of quality assurance procedure instruction 7.00
11 Availability of part inspection protocol instruction 6.63
12 Improvement in accuracy 4.38
13 Improvement surface finish 4.75
14 Improvement in post operation 5.80
15 Ability to build parts fit for purpose 6.25
16 Manual effort required for finishing (smoothing/polishing)
must not represent a large cost and time overhead
7.00
17 Qualification of parts 6.25
18 Availability of a greater range of materials 4.75
19 Availability of improved materials 6.63
20 Availability of long term material properties data 7.00
21 Availability of materials safety data 7.00
22 Materials batch recording 4.75
23 Stability of material supply 7.00
24 Stability of material specification 6.63
25 Improvement in scheduling procedures 4.75
26 Optimisation in “safe” building parameters 6.63
27 Ability to build in large batches to make the build process,
which usually requires expensive equipment to be
competitive with conventional technology
2.13
(Continued)
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Mw(X1,X2, …, XN) =Pi¼N
i¼1 WiXiPi¼N
i¼1 Wi
; Wi ≥ 0
28 When building parts in large batches, the variance of
dimensions and material properties must not differ
significantly from the centre to the edge of the build chamber
6.63
29 Speed of manufacture 5.50
30 Appropriate method of delivery 5.13
31 Automation of the process 4.38
32 Increase in throughput 6.25
33 Improvement in cycle time 4.75
34 Increase in public acceptance 5.13
35 Increase in large company acceptance 7.00
36 Increase in market demand 5.13
37 Dimensional tolerance 7.00
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